INTRODUCTION 53
The production of reactive oxygen species (ROS) occurs to a large extent in 54 mitochondria (11): when electron flow through the respiratory chain is elevated, 'backed up' 55 electrons may react with oxygen to produce ROS. It is well-known that ROS production can 56 be decreased by mild uncoupling of mitochondrial respiration (6,48). Uncoupling proteins 57 (UCPs) are specialized members of the mitochondrial transporter family that allow passive 58 proton transport through the mitochondrial inner membrane. This transport activity leads to 59 uncoupling of mitochondrial respiration and to energy waste, which is well documented with 60 UCP1 in brown adipose tissue. The uncoupling activity of more recently discovered UCPs 61 (post-1997), such as UCP2 and UCP3 in mammals or avUCP in birds, is more difficult to 62 characterize. However, recent extensive data support the idea that the newly discovered UCPs 63 are involved in the control of ROS generation rather than thermogenesis (1, 4, 16, 34) . This fits 64 with the hypothesis that mild uncoupling caused by the UCPs decrease ROS production. 65 66 ROS production by the electron transport chain is favored by high cellular oxygen 67 content and/or a highly reduced state of the electron transport chain. Mechanisms that reduce 68 membrane potential could therefore reduce ROS production. Skulachev suggested that even a 69 small decrease in mitochondrial proton motive force could significantly lower ROS 70 production by mitochondria (47). This suggestion was experimentally verified (24, 27) and it 71 was assumed that such "mild" uncoupling mediated by UCP2 and UCP3 may serve as an 72 antioxidant mechanism (48). Knocking out UCP2 or UCP3 resulted in a particularly strong 73 pro-oxidant effect, whereas the overproduction of ROS greatly increased the antioxidant 74 capacity of the cell (4,26,34,52). In fact, Vidal-Puig et al. (52) reported an increase in the 75 ROS level in skeletal muscles from UCP3 knockout mice. Brand and coworkers (7) reported 76 that UCP3 knockout mice showed signs of increased oxidative damage to skeletal muscle 77 mitochondrial proteins. All these effects seem to indicate the involvement of UCP2 and UCP3 78 in the cell antioxidant response (3). 79
80
Heat stress is an environmental factor responsible for stimulating ROS production. We 81 have already provided direct evidence of mitochondrial superoxide generation using both 82 electron spin resonance (ESR) spectroscopy, with 5,5-dimethyl-1-pyrroline N-oxide as a spin 83 trap agent, and lucigenin-derived chemiluminescence (LDCL) in skeletal muscle of acute 84 heat-stressed birds (32) . It was also shown that acute heat treatments caused oxidative damage 85 to mitochondrial proteins and lipids in skeletal muscle of birds (30). Under heat stress 86 conditions, we have shown that down-regulation of avUCP protein and mRNA expression 87 was accompanied by increased mitochondrial superoxide production (31), and that these 88 effects occurred in a time-dependent manner (29). Therefore, it can be assumed that avUCP, 89 expressed appropriately, may play a role in the alleviation of mitochondrial ROS production 90
and an antioxidant role under conditions of acute heat stress. 91
92
In this study, we hypothesized that up-regulation of avUCP mainly attenuate 93 mitochondrial ROS production and oxidative damage in birds exposed to acute heat stress. To 94 up-regulate avUCP expression, dietary olive oil, which has been shown to increase the 95 expression of UCP3 in mammals (40), was fed to birds. The high levels of oleic acid in the 96 dietary olive oil may activate the expression of UCP3 mRNA (22). We have investigated 97
another possible manner in which, on exposure to heat stress, changes in mitochondrial ROS 98 production by heat stress or olive oil supplementation in diet depend on membrane potential. 99
The change in mitochondrial ROS production, which is independent of the levels of avUCP in 100 skeletal muscle mitochondria, could be controlled by respiratory chain activity. 101 102 103
MATERIALS AND METHODS 104

Animals and experimental design 105
Two experiments were conducted. The first experiment studied the effect of olive oil 106 on alleviation of heat stress-induced skeletal muscle mitochondrial ROS (measured as H 2 O 2 ) 107 production and oxidative damage by changes in avUCP expression. In the second experiment, 108 mitochondrial membrane potential and oxygen consumption in state 3 and 4 were measured in 109 chicks fed olive oil and exposed to acute heat stress. 110 111 Meat-type male chicks (Cobb) were obtained from a commercial hatchery (Economic 112
Federation of Agricultural Cooperatives, Iwate, Japan) at 1 d of age. The chicks were housed 113 in electrically-heated batteries under continuous light for 6 days, and provided with ad libitum 114 access to water and commercial starter meat-type chick diet (CP 22%, ME 3000 Kcal/kg). 115
The chicks were divided into 4 groups (n=10 birds per group). After 2 d-adaptation period, 116 two kinds of diet i.e., commercial diet and olive oil-supplemented diet (6.7 parts of olive oil 117 were additionally supplemented in 100 parts of basal diet) were fed to two groups each for 8 118 days. Then, one of the two groups was exposed to 34°C for 12 h, while the other group was 119 maintained at 25°C (humidity 55±5%). The experimental diets were stored at 0-4°C to avoid 120 rancidity. They were provided with ad libitum access to water and experimental diet during 121 the treatments, and then sacrificed by decapitation, and pectoralis superficialis muscles were 122 rapidly excised. This method of killing was used in preference to overdose by general 123 anesthetics, which are known to uncouple oxidative phosphorylation (42). After heat exposure 124 following dietary treatment, eight birds in each group were selected for preparation of 4 125 samples of mitochondria isolated from 2 individual-pooled muscles, and six of them were 126 used for biochemical analysis of muscle samples. We used the pectoralis muscle for our study 127 as avUCP is predominantly expressed in skeletal muscle of chickens (36, 51). To study the 128 expression of genes, muscles were frozen, powdered in liquid nitrogen, and stored at -80°C 129 6 135
Isolation of mitochondria 136
After sacrifice of the birds, skeletal muscle (pectoralis superficialis) was immediately 137 dissected from the chicken breast for mitochondrial isolation by homogenization, protein 138 digestion and differential centrifugation according to the standard method (10). All 139 procedures were carried out at 4°C. Muscle was trimmed of fat and connective tissue, blotted 140 dry, weighed and placed in isolation medium on ice. Tissue was shredded and minced with 141 sharp scissors, rinsed with isolation medium three times, stirred for 5 min in protein digestion 142 medium [100 mM KCl, 50 mM Tris-HCl, 2 mM EGTA, 1 mM ATP, 5 mM MgCl 2 , 0.5% 143 (w/v) bovine serum albumin (BSA) and 11.8 units of protease/g of tissue (Sigma substilisin 144 type VIH), pH 7.4] and then gently homogenized using a Polytron tissue homogenizer. The 145 homogenate was stirred for 6 min and then mixed with the equivalent medium without 146 proteinase to stop protease activity. The homogenate was then re-homogenized with a Potter-147
Elvehjem homogenizer (5 passages) and centrifuged at 500 X g for 10 min. The supernatant 148 was filtered through muslin and centrifuged at 10,400 X g for 10 min. Mitochondrial pellets 149 were resuspended in isolation medium and centrifuged at 10,400 X g for 10 min and then at 150 3,800 X g for 10 min, and resuspended in isolation medium. Protein concentration was 151 determined by the bicinchoninic acid assay with BSA as the standard (9). 
Statistical analysis 218
Data were analyzed using the Statistical Analysis System (Cary, NC). Differences 219 between control diet-fed and olive oil-fed groups were assessed using the Student's t-test for 220 unpaired data. All other data were first analyzed by a general linear model analysis of 221 variance, whilst means were compared using Duncan's least significance multiple-range test. 222
All data are expressed as mean ± standard error (SE). Differences were considered significant 223 for values of p < 0.05. 224 225
RESULTS
226
Growth performance and feed consumption 227
Feeding chickens a diet containing olive oil for 8 days under thermoneutral conditions 228 significantly increased the weight gain of birds compared to that of control diet-fed birds (Fig.  229 1A), while no change was observed in feed intake. 230
On exposure to heat stress for 12 h, growth performance and feed consumption 231 significantly decreased in birds maintained on a control diet (Fig. 1B) . This decrease in 232 production performance due to heat stress was limited to some extent in birds fed a diet 233 containing olive oil. 234
235
Mitochondrial H 2 O 2 production 236
Under thermoneutral conditions birds fed a diet containing olive oil showed lower 237 mitochondrial H 2 O 2 production compared to control diet-fed birds (Fig. 2) . On exposure to 238 heat stress, H 2 O 2 production was significantly increased in mitochondria isolated from control 239 diet-fed birds. Heat-stressed birds fed dietary olive oil showed decreased mitochondrial H 2 O 2 240 production compared to control diet-fed heat-stressed birds. Importantly, the olive oil-fed 241 heat-stressed birds' mitochondrial H 2 O 2 production was similar to that of basal control levels 242 in birds not exposed to heat stress. 243 244
Avian UCP and avian ANT gene expression and avian UCP protein content 245
Birds fed a diet containing olive oil under thermoneutral conditions showed an 246 upregulation of avUCP gene transcripts in skeletal muscle ( Fig 3A) and an increase in avUCP 247 protein content in muscle mitochondria (Fig 3B) . On exposure to heat stress, skeletal muscle 248 avUCP mRNA and avUCP protein content in mitochondria decreased in control diet-fed birds. 249
These decreases in avUCP gene expression and avUCP mitochondrial protein content on 250 exposure to heat stress recovered to baseline levels in olive oil diet-fed birds. AvANT gene 251 expression was not changed either by feeding a diet containing olive oil or on exposure to 252 heat stress (Fig 3C) . 253 254
Mitochondrial oxygen consumption and membrane potential
Oxygen consumption and membrane potential were measured in mitochondria isolated 256 from pectoralis muscle of control birds and heat-stressed birds fed either a control diet or an 257 olive oil-containing diet (Fig 4A) . Succinate was used as a substrate to energize the 258 mitochondria. Membrane potential in state 4 of muscle mitochondria from heat-stressed birds 259 on a control diet were appreciably higher than those for thermoneutral control-or olive-fed 260 birds and heat-stressed birds fed olive oil-supplemented diets. Membrane potential in state 3 261 and oxygen consumption in state 3 and state 4 for heat-stressed birds fed the control diet were 262 even slightly higher than other groups. Their values in heat-stressed birds fed a diet containing 263 olive oil were comparable to those obtained for the thermoneutral control or olive-fed group: 264 both membrane potential and oxygen consumption in state 3 and 4 were similar among the 265 thermoneutral control-and olive-fed groups and the heat-stressed group fed a diet containing 266 olive oil except the reducing effect of olive oil supplementation on mitochondrial membrane 267 potential in state 4 of thermoneutral groups, which was not marked, but definite. Figure 4C  268 shows the proton leak kinetics of muscle mitochondria for the thermoneutral control-and 269 olive-fed groups and the heat-stressed groups fed control-and olive-diets. As shown in 270 Birds fed an olive oil-supplemented diet under thermoneutral conditions exhibited 277 lower mitochondrial and muscle MDA levels compared to control diet-fed birds (Fig. 5) . On 278 exposure to heat stress the mitochondrial and muscle MDA levels were significantly increased 279 in control diet-fed birds. Olive oil-fed heat-stressed birds showed increased mitochondrial and 280 muscle MDA levels compared to thermoneutral olive oil-fed birds, but these levels were less 281 than those reached in control diet-fed heat-stressed birds. Birds fed an olive oil-supplemented diet showed better production performance 286 compared to control diet-fed birds, whether under thermoneutral conditions or when exposed 287 to heat-stress. On exposure to heat stress, the control diet-fed birds showed marked body 288 weight loss, while in olive oil-fed birds the negative effects of heat stress on growth were 289 reduced. It was clearly shown that under thermoneutral or heat-stress conditions, the birds fed 290 a diet containing olive oil produced lower levels of 'mitochondrial ROS' compared to control 291 diet-fed birds. This lowered ROS production may have lessened the decrease observed in 292 body weights of heat-stressed birds fed an olive oil diet compared to controls. Here, 293 mitochondrial ROS generation in the skeletal muscle of birds was increased on exposure of 294 the animals to heat stress, and this increase possibly decreased the production performance of 295 the birds. In contrast, feeding the birds an olive oil-supplemented diet decreased 296 mitochondrial ROS production, thereby contributing to better production performance. 297
298
One reason olive oil-fed birds are able to reduce mitochondrial ROS production may 299 be due to the up-regulation of avUCP. UCP1 in thymus (12), as well as other low-abundance 300
UCPs (UCP2 to UCP5) are able to attenuate mitochondrial ROS production (1,4,16,34,43). In 301 our previous studies, in heat-stressed birds whose mitochondrial avUCP gene expression and 302 protein levels were down-regulated, skeletal muscle mitochondria-derived ROS production 303 was increased compared to control birds (29,31). These findings allow us to hypothesize that 304 avUCP may play a key regulatory role in limiting mitochondrial ROS produced under heat 305 stress conditions. To confirm this hypothesis, we studied avUCP gene expression in muscle 306 and immunodetected the avUCP protein content in muscle mitochondria of birds kept under 307 thermoneutral or heat-stress conditions and fed either a control or olive oil-supplemented diet. 308
Here we have shown that dietary olive oil up-regulates skeletal muscle avUCP gene 309 expression and mitochondrial protein content under thermoneutral conditions. Rodriguez et al. 310
(40) compared the influence of four dietary lipid sources (i.e., olive oil, sunflower oil, palm 311 oil and beef tallow) on UCP1, UCP2 and UCP3 contents and the levels of mRNA expression 312 of these three proteins in several tissues of the rat. Olive oil feeding increased UCP1, UCP2 313 and UCP3 mRNA expression in inter-scapular brown adipose tissue. An analogous effect was 314 also observed in gastrocnemius muscle UCP3 mRNA expression levels. The present study is 315 in agreement with the previous report, as feeding an olive oil-supplemented diet resulted in 316 increased avUCP gene expression in the skeletal muscle of birds (Fig. 3A) . Heat stress 317 resulted in a 70% reduction of avUCP gene transcripts in control diet-fed birds. On the other 318 hand, in olive oil diet-fed heat-stressed birds, avUCP gene transcript levels were similar to the 319 levels of control birds kept at thermoneutral temperature. To confirm the expression of 320 avUCP mRNA in olive oil diet-fed heat-stressed birds at the protein level, mitochondrial 321 avUCP protein content was analyzed by Western blotting, as an increase in mRNA expression 322 in general is not always reflected in the expression of a protein itself (29,35,40) . The results of 323 the present study showed that the immuno-detected mitochondrial avUCP protein content in 324 olive oil diet-fed heat-stressed birds was similar to levels in thermoneutral olive oil diet-fed 325 birds and was higher than that of control diet-fed heat-stressed birds. Thus, not only the 326 skeletal muscle gene transcripts, but also the mitochondrial avUCP protein contents were up-327 In this study we did not access the capacity of avUCP to mediate proton leak: even though 344 maximal UCP stimulation can be obtained by a supraphysiological dose of artificialoxidase (XXO), to estimate UCP activity for the evaluation of uncoupling-induced proton 347 leak (38, 50), the XXO may also affect mitochondrial redox status, membrane integrity, and 348 interfere with oxygen electrode measurements (14). Further experimental and comparative 349
approaches are needed to demonstrate that avUCP could mediate the mild uncoupling able to 350 reduce ROS. 351
352
The findings that not only UCP but also ANT can mediate uncoupling by free fatty 353 acids (2,45,50) allows us to postulate that the increased ROS production in heat-stressed birds 354 might also be associated with the suppression of ANT. It was shown that knocking out one of 355 two ANT isoenzymes (muscle-specific ANT1) resulted in a strong increase in ROS 356 production by muscle mitochondria (19). Recently, we found that heat stress did not affect 357 avANT transcript expression (29). In the present study, avANT expression was not changed in 358 birds fed either an olive oil diet or a control diet under thermoneutral conditions or on 359 exposure to heat stress. Thus, avANT and avUCP gene transcripts, and mitochondrial anion 360 transporters involved in oxidative phosphorylation, seem to be regulated differently. On 361 exposure to heat stress, avUCP gene expression was down-regulated while avANT expression 362 remained unchanged (Fig. 3A-C) . The up-regulation of avUCP by feeding birds an olive oil-363 supplemented diet led to the expression of this protein, which possibly plays a role in 364 reducing mitochondrial ROS production in olive oil diet-fed heat-stressed birds. AvANT on 365 the other hand does not seem to play a significant role under these conditions. 366
367
To further characterize the mitochondrial function, mitochondrial oxygen consumption 368 and membrane potential in state 3 (in the presence of ADP) and state 4 (in the absence of 369 ADP) were studied in control and heat-stressed birds fed a control or olive oil-supplemented 370 diet. Miwa and Brand (28) reported that there is a strong positive correlation between 371 membrane potential and ROS production in isolated Drosophila mitochondria. It has also 372 been emphasized that ROS generation showed a very steep dependence upon the membrane 373 potential (∆ψ, delta psi) value. The slight decrease in ∆ψ caused significant inhibition of the 374 ROS production (49). Therefore, one can suppose that mitochondrial overproduction of ROS 375 would result from a decrease in mitochondrial membrane potential. Results of the presenthigher in state 4 compared to that of control birds (Fig. 4A) . On the other hand, in 378 mitochondria isolated from olive oil diet-fed heat-stressed birds, membrane potential in state 4 379 was lowered than those of control diet-fed heat-stressed birds even though the difference was 380 not significant between the thermoneutral control and olive-fed groups. Thus, it is 381 conceivable that the mitochondrial membrane potential might be responsible for ROS 382 production of skeletal muscle. Importantly, as described by Rolfe et al. (41) though heart mitochondrial membranes of rats fed diets containing 8% olive oil rich in 411 C18:1(n-9) exhibited lower long-chain n-3 PUFA and higher C18:1 FA levels compared with 412 fish oil groups, no differences in the mitochondrial respiration rate at Complexes I, II or IV 413 between groups were observed. Their result for Complex II is in agreement with our results 414
showing that no changes occur in oxygen consumption rates at state 3 and state 4 using 415 succinate as a substrate between thermoneutral control-and olive-fed birds. However, we 416 observed that the reducing effect of olive oil supplementation on mitochondrial membrane 417 potential in state 4 was not marked, but definite. Brand and coworkers (8) showed that feeding 8% olive oil to rats had no effect on the PUFA content of heart 457 mitochondrial membrane as compared with that of rats fed coconut oil that represents an 458 enriched source of saturated fatty acids. Therefore, feeding of olive oil-supplemented diets 459 may not exert serious effects of PUFA or others on mitochondrial ROS production. On the 460 other hand, there could be dietary caloric effect on ROS production because the energy 461 density of olive oil-supplemented diet is c.a. 1.2-fold of that for the control diet even though 462 the total amount of feed intake were very similar. However, decreased ROS production of 463 olive oil fed birds in this study is probably not due to increases in calorie intake, since it is 464 known that the decrease in mitochondrial ROS generation and oxidative damage to mtDNA 465 occurs during dietary restriction (21). Taken together, other factors besides olive oil may not 466 necessarily need to be considered. There could be also possible effects of polyphenols in olive 467 oil, which can provide benefits for plasma lipid levels and oxidative damage (37), if a virgincase because refined olive oil was used in our study. Refined olive oil has a low phenolic 470 content, since these compounds are lost in the refinement process. 471
472
PERSPECTIVE AND SIGNIFICANCE 473
Heat stress is an environmental factor responsible for oxidative stress and damage that 474 has great implications for animal production as well as human life. Our present study provides 475 a new idea for dietary manipulation in which olive oil-supplemented diet is shown to control 476 reactive oxygen species (ROS) production and oxidative damage under thermoneutral or acute 477 heat stress conditions. The effect of olive-oil supplemented diets on ROS production is 478 possibly due to its effect on membrane potentials via UCP-mediated proton leak or respiratory 
